Abstract-Sensing coverage and energy consumption are two primary issues in wireless sensor networks. The performance of a sensor network depends to a large extent on the sensing coverage, and its lifetime is determined by its energy consumption. In realworld applications, it is unrealistic to guarantee all sensors have the same energy because they have different energy consumption. Moreover, sensors redeployment also results in the heterogeneous energy capacities. In this paper, an energy-efficient Area Coverage protocol for Heterogeneous Energy sensor networks (ACHE) is proposed. ACHE can achieve a good performance in terms of sensing area coverage, lifetime by minimizing energy consumption for control overhead, and balancing the energy load among all nodes. Adopting the hierarchical clustering idea, ACHE elects the active nodes based on the average residual energy of neighboring nodes and its own residual energy parameters. Our simulation study and analysis demonstrate that ACHE not only provide the high quality of sensing coverage, but also has the good performance in the energy efficiency. In addition, ACHE can better adapt the applications with the great heterogeneous energy capacities in the sensor networks.
INTRODUCTION
Maintaining a sufficient sensing coverage is a critical requirement of wireless sensor networks (WSNs), since sensing coverage directly determines the monitoring quality provided by sensor networks in a designated region [1] . By turning off redundant (in term of coverage) sensor nodes, the coverage quality can be maintained and energy efficiency can be achieved at the same time.
In order to prolong the lifetime of a WSN, an effective coverage protocol should be have the following features. (1) It should be completely distributed and self-configured. Each node independently makes its decision based on the local information, within a constant number of hops. ( 2) The active nodes should be well-distributed over the monitored field to balance the energy load. (3) It should have low control overhead for coverage protocol, which can prolong the network lifetime. (4) It should be able to handle the heterogeneous energy capacities among the network. In realworld applications, it is unrealistic to guarantee all sensors have the same energy. (5) It should not be dependent on the accurate location or directional information such as that obtained with the GPS and the directional antenna technology. It is still a very difficult problem to estimate sensors' locations, since GPS consume too much energy and the costs are too high for tiny sensors [2] . To meet the above requirements, an energy-efficient location-independent area coverage protocol for heterogeneous energy sensor networks (ACHE) is proposed. Different from DELIC [3] , adopting the hierarchical clustering idea, ACHE elects the active nodes based on the average residual energy of neighboring nodes and its own residual energy parameters. Simulation study demonstrates that ACHE can better adapt the application with the heterogeneous energy capacities and also effectively reduce the control overhead.
The rest of the paper is organized as follows. In section II, we will give the related work. Section III describes the network model. Following that, we present in Section IV the proposed coverage protocol ACHE. Section V will give the simulation and evaluation results. Section VI is the conclusion remarks.
II. RELATED WORK
In [4] , Tian et al. propose an off-duty eligibility rule for complete sensing coverage, relying on the geographical information of sensor and AOA (Arrival of Angle) obtained through the directional antenna, can reckon the coverage relation between one node and its neighbors and then select active nodes. The off-duty eligibility rule fails to consider the problem that excessive overlap may be formed so that the number of active nodes selected becomes very large to cause extra energy consumption.
In [5] , it is proved that to ensure that the full sensing area coverage of a convex area also guarantee the connectivity of the active nodes, the communication range should be at least twice of the sensing range. Based on the analytical results, Zhang et al. proposed a distributed, localized density control algorithm named OGDC [5] . Wang et al. draw the same conclusion in [6] , and presented a Coverage Configuration Protocol (CCP) that can provide complete coverage. Based on OGDC, Wu et al. proposed a coverage control protocol with adjustable sensing range [7] .
The above coverage protocols have to rely on the location information of sensor nodes in reckoning sensing coverage. The following protocols do not require the location information to solve the coverage problem.
Kumar et al. adopt the Randomized Independent Scheduling (RIS) mechanism [8] . At the beginning of each round, each sensor independently decides whether to become active with probability p or go to sleep with probability 1-p, p determines the network lifetime. Obviously, RIS does not require location information and has no communication overhead.
Gao et al. propose a mathematical method to describe the redundancy without location information [9] . Based on this method, one sensor can utilize the number of neighbors within its sensing range to calculate its own probability of becoming a redundant node. However, for most sensors, the sensing hardware and the communicating hardware are two fully independent parts, some specialized parts are needed to judge the number of neighbors within the sensing range.
We proposed a location-independent area coverage protocol DELIC [3] . DELIC adopt the hierarchical clustering mechanism for active sensor election by comparing its own residual energy to that of its neighboring nodes. However, DELIC require several iteration to determine final active sensors, which results the greater control overhead.
Although the above protocols do not need the accurate location information of sensors, they could not effectively deal with the heterogeneous energy capacities for area coverage.
III. NETWORK MODEL
Assume N sensor nodes are randomly and uniformly distributed over the sensing field A. We assume the following properties about the sensor network:
1) The nodes in the network are stationary and they are left unattended after deployment.
2) For simplicity and convenience, the sensing mode is Boolean mode.
3) All nodes should be roughly time synchronized on the order of seconds. 4) All nodes have different initial energy and the battery could not be rechargeable.
5) Nodes are location-unaware, i.e. not equipped with GPS-capable antennae.
6) Sensor's radio transceiver is capable of changing its transmission power in continuous steps to achieve different transmission ranges.
IV. ACHE PROTOCOL
In a WSN, the active sensors should receive and delivery the sensed data, which results in the higher energy consumption than that of sleeping sensors. In order to balance the energy load among the sensors, ACHE protocol involves roundoperation.
A. Adjust Appropriate Transmission Range
In [10] , we have given the theoretical analysis of the sensing area coverage property of minimal dominating set (MDS). Furthermore, we established the relationship between point coverage and area coverage in random geometric graphs.
Suppose sensor nodes follow Poisson point process of density λ in the plane 2 . According to (1) , it can compute the appropriate transmission range Rt. 
For 0 ε ∀ > , any minimal dominating set of G t (recall that G t is a subgraph of G induced by Rt) provides the same coverage as that of all sensor nodes with probability at least 1-ε. By (1), every node can adjust the appropriate transmission range Rt, according to the local density λ, ACHE guarantee that the active nodes can provide the high quality of sensing coverage. 
where |c| is the number of k-hop neighbors, λ local is the local node density by counting |c|. Therefore, each sensor node can adjust the appropriate the transmission range Rt by (2) . The obtained sensing coverage ratio has the probability at least 1-ε.
B. Select Active Nodes
Definition 1: Neighborhood. For any node S i , the neighborhood node S j of node S i is defined as
where ( , )
i j d S S denotes the distance between node S i and node S j , Rt denotes the transmission range computed by (2) .
In order to effectively deal with the heterogeneous energy capacities in sensor networks, it is obvious that the higher energy the node has, the higher probability it becomes active nodes. Meanwhile, the lower average energy of its neighborhood nodes, the higher probability it becomes active nodes. Thus, ACHE elects the active nodes considering the parameters, the average residual energy of neighborhood nodes and the node own residual energy.
In ACHE, every node requires to maintain a neighborhood 
where m is the number of neighboring nodes of S i , S j .E residual (1≤j≤m, j≠i) denotes the residual energy of node S j . According to (3) and (4) 
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where k is a random uniformly distributed in [0.9, 1.0]; T is the time length for selecting active nodes in each round, that is T = DT; S i .E residual denotes the residual energy of node S i .
From (4), it can notice that ACHE protocol uses .
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as the main parameter for selecting active nodes.
That is to say, the time i t when the node Si broadcasts an Active_Msg message is mainly determined by .
Compared with DELIC protocol, which is only based on its own residual energy of node to compete the active node, ACHE can better handle the heterogeneous energy capacities among the sensor nodes. During the course of selection active nodes, any node S i checks whether it receives any Active_Msg from its neighboring nodes before the time i t expires. If node S i gets the Active_Msg from neighbor node S j before the time i t expires, node S i would lose the chance to become the active node, and enter into the SLEEP state. That is to say, node S i is in the sensing coverage of the neighbor node S j . If node S i does not receive any Active_Msg from its neighboring nodes when the time i t expires, which means there is no neighbor node can control cover the node S i , node S i broadcasts an Active_Msg to its neighboring nodes, and becomes an active node and changes its state to ACTIVE. However, if another neighbor node S k broadcasts an Active_Msg message between the time interval ( , ) Δ is the time interval than all neighboring nodes can receive Active_Msg message from node S i in the worst case. Due to the short package and limited broadcast range of Active_Msg message, t Δ is quite small. Thus, the probability that several nodes within the transmission range Rt are active nodes is small. Theorem 3 proves the result in Section IV.C.
From the above description for ACHE, it is clearly found that there are only active nodes could broadcast Active_Msg message, and every active node only broadcast one Active_Msg message during the course of selecting active nodes, which can greatly reduce the control overhead.
C. Protocol Analysis
Theorem 1: 0 ε ∀ > , the set of active sensor nodes obtained by ACHE can provide the complete sensing coverage with probability at least 1-ε.
Proof: In [10], we have proved that for 0 ε ∀ > , any minimal dominating set of G t provides the same coverage as that of all sensor nodes with probability at least 1-ε. In the network model, it assumes that the sensor density is high enough that any point of A can be monitored by sensor nodes.
Since MDS⊆CDS, we have
. On the other hand, the set of active sensor nodes obtained by ACHE forms a dominating set. Therefore, 0 ε ∀ > , the set of active sensor nodes obtained by ACHE can provide the complete sensing coverage with probability at least 1-ε. □ Theorem 2: In each round, the probability that several active nodes within one transmission range Rt is small, i.e., active sensor nodes are well-distributed.
Proof: In ACHE protocol, every node must compete for active node with its neighbouring node. Assume that after one node v broadcasts an Active_Msg message within its transmission range Rt, it can guarantee that all neighboring nodes can receive Active_Msg message from node v in the interval t Δ . Obviously, if no other neighboring nodes of node v broadcast Active_Msg message in the interval t Δ , node v become the only one active node within its transmission range Rt. On the other hand, if other neighboring nodes broadcast Active_Msg in the interval t Δ , there maybe exist several active nodes within one transmission range Rt. Consider the probability that several active nodes within one transmission range Rt, denoted as p.
According to (2) , the time when any node broadcasts an Active_Msg message is approximately random uniformly distributed in [0,T]. Therefore, the probability p could satisfy the Equation (5). , the resulting p = 0.00214. Therefore, the probability that several active nodes within one transmission range Rt is small. □
V. SIMULATION STUDY

A. Simulation Experiment Setup and Parameters
To evaluate the performance of the ACHE protocol, we use GloMoSim as the simulation platform in terms of evaluating the number of active nodes, coverage ratio, the network lifetime and control overhead. In the simulation, 600-1200 sensors are randomly deployed in a 100×100 (m 2 ) region, and each sensor has a sensing range of 10 m, the maximum transmission range of 20 m. The initial energy of sensor nodes in the network is randomly uniformly distributed in (0.2J, 2.0J), and (1.5J, 2.0J) respectively. To evaluate the performance of energy efficiency, we use the same network parameters and radio model as presented in [11] .
In article [3] , we have compared DELIC protocol with other coverage protocols. DELIC protocol outperforms the Sponsor area [4] , OGDC in term of coverage ratio, energy efficiency. Thus, we only compare proposed ACHE with DELIC in our simulation experiment. Fig. 2 give the curves of the number of active nodes and sensing coverage ratio in the different deployed nodes density with the different degree of heterogeneous energy capacities. As shown in Fig. 1 and Fig 2, the number of active nodes obtained by ACHE is smaller about 15% than that of DELIC in the different nodes density. In the most situations, ACHE can provide above 99% sensing coverage for the different node density. But the quality of sensing coverage by ACHE is little poorer than that of DELIC. For the most application, the above 99% sensing coverage is acceptable and reasonable. In addition, as the same with DELIC, the number of active nodes by ACHE does not increase with the number of deployed nodes. This is because the number of active nodes in ACHE is related with the sensing range of nodes, and the area of monitored region. The node density has no much impact on the number of active nodes. Fig 3 illustrates the number of dead nodes with execution of ACHE in the scenario of deployed 1200 nodes with the different degree of heterogeneous energy respectively. It can be seen that compared to DELIC, ACHE can effectively prolong the network lifetime by 15%-30% under the same situation. This is because DELIC protocol selects active nodes only considering the node its own residual energy, while ACHE also considers the current energy of neighboring nodes. Thus, ACHE protocol can better adapt the situation of the great heterogeneous energy capacities in the network. As Fig 4 shown, when the initial energy of nodes vary from 0.2 to 2.0, due to the great heterogeneous energy capacities, the speed of nodes' death is quicker 40% to 50% than that of the initial energy vary from 1.5 to 2.0 with the same network configuration.
B. Effectiveness of ACHE
C. Network Lifetime
VI. CONCLUSION
In this paper, an energy-efficient Area Coverage protocol for Heterogeneous Energy sensor networks (ACHE) is proposed. ACHE can achieve a good performance in terms of sensing area coverage, lifetime by minimizing energy consumption for control overhead, and balancing the energy load among all nodes.
